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Introduction: Metalloprotein
Metalloproteins
Metalloproteins are a versatile class of biological molecules containing a protein
and a metal ion cofactor. It is estimated that 25-50%
50% of all proteins coordinate at
least one metal ion
ion.1 Often, the metal cofactor is necessary for metalloprotein
function, which can incl
include involvement in signal transduction pathways,
transport
ransport of metal ions within cells, and carrying out enzymatic roles in a
multitude of biochemical reactions
reactions.2,3 Proteins provide a fairlyy limited number of
options for size and geometry for the metal coordination
dination sphere.
sphere Nevertheless,
some metalloproteins are highly specific for metal ions, while others can bind a
wide array of metals. An example of a nonspecific metalloprotein is metallothionein,
MT, which is a protein that contains ~30%
cysteine residues,
s, whose thiol groups are
capable of coordinating metals commonly
Figure 1. α-domain
domain of human
metallothionein--3, MT-3
The featured MT domain is
shown coordinating four
cadmium ions, illustrated as
blue spheres; PDB ID 2FJ4

found in the body including zinc, selenium,
and copper as well as xenobiotic metals
including

arsenic,
c,

silver,

cadmium,

and

mercury.4 Figure 1 shows the α-domain of
human metallothionein-3,, MT-3.
MT It is believed

that MT aids in metal storage, as well as protection against heavy metal toxicity
within the body
body.4 Other well-known metalloproteins
oproteins are hemoglobin,
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cytochromes, transferrin, and calmodulin, whose derivative is studied
extensively in the Korendovych lab.
The relationship between structure and function is inherent to the
understanding of metalloproteins. The versatility of metalloprotein function is
achieved by the metal cofactor interaction with the protein scaffold. Upon ligand
binding, a protein undergoes tertiary and secondary structural modifications that
alter the metal environment and may eventually lead to radical changes in
protein function. Although the ability to accurately predict protein function
based on its structure is still in its infancy, the emergence of new software and
computational techniques allows current researchers to design structural
scaffolds relatively quickly and proficiently. The research described in this paper
aims to elucidate the relationship between protein scaffolds and metal cofactors
in the fields of catalysis and bioimaging.
For the catalysis portion of this project, I seek to understand the role small
scaffolds play in accelerating chemical reactions, and how these roles are
modified upon metal binding. By using small, robust platforms, it is possible to
mitigate outside variables thus allowing more control over the protein-metal
interface. Three scaffolds of varying secondary structure will be studied, and
their metal ion cofactor environments will be modified to further understand
catalytic consequences. One of the scaffolds studied in this research is a
hydroxypropylphosphonic acid epoxidase, HPPE, derivative which is normally a
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monooxygenase enzyme. Monooxygenase dependent reactions are widely found
in nature, as shown below.

(B)

(C)

(D)

Figure 2. Various monooxygenase reactions
(A) Example of a reaction catalyzed by styrene monooxygenase5
(B) Proposed catalytic cycle of flavin dependent monooxygenases5
(C) Proposed catalytic cycle of cytochrome P450 monooxygenases5
(D) Reaction catalyzed by (S)-hydroxypropylphosphonic acid epoxidase,
HPPE, whose derivative is studied in my research6
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Although HPPE normally carries out an epoxidase reaction, it will be converted to
be a catalyst of ester hydrolysis. Under normal conditions, HPPE coordinates an
iron metal; however, zinc is another metal that can potentially bind to HPPE due
to a very similar coordination sphere to iron. It can then be used as a probe in a
hydrolysis reaction, as will be discussed later.
Although it is known what various proteins’ regular functions are, I want to
design smaller scaffolds with similar coordination spheres in order to
fundamentally understand catalysis in simplified models. Knowledge gained from
these experiments will then be applied to larger proteins to elucidate more
aspects of the structure-function dependency of these molecules.
The bioimaging aspect of my research expands the role of a commonly found
enzyme in the human body, human carbonic anhydrase I. This enzyme’s
structure will be altered in order to convert this molecule into a bioimaging
agent instead of an enzyme. This project takes advantage of the fact that human
carbonic anhydrase I is a naturally occurring enzyme in the human body and is
therefore non-immunogenic (or would not elicit an immune response if applied
medically to human subjects) thus presenting a significant advantage over
synthetic derivatives under current development.

The results of designing

metallic peptide probes17 have been published and are further studied in this
university, however I plan to create a metal probe that is based on a natural
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human protein, which can be fused to other biological molecules that target
specific tissues.
Materials and Methods, General
Ligation Independent Cloning (LIC). Every gene described in this research paper
was cloned into a vector using the ligation-independent cloning technique.
Ligation independent cloning offers many advantages over other more popular
cloning methods. First, the gene and vector sequences do not greatly affect
cloning possibilities. A commercially bought LIC vector comes in ready-to use
form with the “sticky ends” necessary for annealing. Alternatively, a LIC vector
may be created in the laboratory. Second, LIC does not usually require the
purchase of a cloning kit and the procedure can be done using many common
lab reagents. Third, the annealed vector-gene product is transformed without
the use of DNA ligase (hence the ligation independent cloning name); the nicked
DNA phosphate backbone is still taken-up by E. coli and the new plasmid
expressed.
LIC was recently used in our laboratory to clone an evolved catalytically
amplified calcium protein sensor, known as AlleyCat7 into a vector. AlleyCat7 is a
mutated 74-amino acid C-terminal domain of calmodulin, which is originally a
calcium binding protein involved in signaling pathways. AlleyCat7 is an
allostercially regulated catalyst that showed a significant increase in enzymatic
efficiency (when compared to an earlier model of a calmodulin mutant) at
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carrying out an unnatural benchmark reaction of Kemp elimination. After 7
rounds of directed evolution, the newly designed protein had a ~220-fold
improvement in kcat/KM. The paper detailing these studies will be published in
May 2013 in the Angewandte Chemie journal.
The LIC method is summarized in the following steps, which will be explained
further in the paper:
1. Design PCR primers to ampify gene of choice;
2. PCR gene with designed primers;
3. Purify PCR product;
4. Create 5’ overhangs using T4 DNA polymerase and one of the dNTPs;
5. Anneal gene and vector (Note: a LIC vector may be purchased or created
in the laboratory using restriction enzymes and T4 DNA polymerase);
6. Transform the annealed product in E. coli;
7. DNA isolation(miniprep);
8. Submit for sequencing.
The first step of LIC is designing primers to create overhangs on the desired
gene, which are complementary to the LIC-ready vector. The following scenario
is an example of primer design using the vector in Figure 3.
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Figure 3. A sample vector used as a template for gene primer design.

A LIC vector may be purchased or prepared in the laboratory. To create a LIC
vector, a plasmid must first be linearized using a restriction enzyme. Next, in
order to create “sticky ends,” T4 DNA polymerase and one of the dNTPs are
added. Due to the exonuclease activity of T4 DNA polymerase, one strand’s
bases are removed until a specific nucleotide is encountered (i.e. if one adds
dTTP, as shown in the figure, all bases up until the first thymine are removed).
Next, primers for the gene are designed to overlap the sticky ends of the vector.
For example, a primer in this case would begin with GACGACGACAAGA, which
would then be followed by the gene sequence.
Next, the gene copy number is amplified using polymerase chain reaction (PCR)
and the newly designed primers. The PCR product is purified using gel extraction.
However, after PCR completion, the newly added gene overhangs are double
stranded and sticky ends must be created on the gene. To achieve this, T4 DNA
polymerase and the complementary dNTP are added, creating overhangs
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complementary to the vector single strand (using the Figure 3 example of a
vector, dATP would be added to the gene that has to be inserted). Finally, the
vector and gene are annealed at room temperature for 5 minutes, 25 mM EDTA
is added to chelate metals, and the annealed product is incubated for an
additional 5 minutes.

Figure
4.
General
annealing scheme
After the addition of T4
DNA polymerase and
appropriate dNTPs, the
LIC vector and gene
have complementary
sticky ends, usually 1015 bases in length, that
are easily annealed.

The resulting plasmid is then transformed in Escherichia coli BL21(DE3)pLysS
chemically competent cells according to standard protocol. The resulting
colonies are grown in 5-8 mL Luria Bertani broth (LB) with antibiotic overnight,
and the DNA isolated using standard miniprep methods. The samples are then
submitted for sequencing using GenScript or Genewiz services.
Upon successful sequencing results, the newly annealed plasmid is
retransformed and a resulting colony’s protein is expressed in BL21(DE3)pLysS
competent cells made in the laboratory and grown in LB with antibiotic for
further protein purification. The inoculated cells are induced with IPTG for a final
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concentration 1 mM (lab studies often showed higher protein yield with IPTG
induction rather than ZYM5052 autoinduction media). The protein purification
protocol varied depending on the gene product studied. Although some proteins
were purified under denaturing conditions, most proteins were purified with
gravity flow columns or FPLC.
Site-Directed Mutagenesis. Another commonly employed technique throughout
all my projects was the selective mutagenesis of amino acid residues. This was
achieved by identifying the DNA sequence responsible for encoding the amino
acid of choice, and determining the sequence of the amino acid that is to replace
it. Because each amino acid is encoded by three nucleotides (a codon), and there
are usually multiple codons for one amino acid, the codon mutation with the
least number of nucleotide changes is preferred. For example, to mutate a
histidine encoded as CAT to valine, which is encoded as GTA, GTG, GTT, and GTC,
the best codon of choice for valine is GTT, because the last thymine does not
need to be mutated. Fewer base mutations have a higher chance of successful
primer annealing and therefore higher PCR yield.
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THE CATALYSIS PROJECT
Introduction
Ester hydrolysis is a widely studied reaction that is involved in the production of
wine, soap, and is now widely researched as a tool for the conversion of biomass
to biofuel.7 Ester hydrolysis is a general organic reaction whose completion may
be difficult to study, however a specific reaction involving the hydrolysis of a pp
nitrophenol ester turns yellow
low upon completion and is therefore visible and
detectable, Figure 5. The substrate used in the described reaction has many
advantages: itss mechanism is well-established, and the progress of the reaction
can be monitored in a high throughput fashion as the product turns yellow upon
successful hydrolysis, Figure 6. Carrying out experiments with this relatively

Figure 5. Ester hydrolysis
(yellow)

The top reaction features the general
ester hydrolysis scheme.
The bottom reaction is the model pp
nitrophenol, pNPA, hydrolysis reaction
used in catalysis studies.

Figure 6. Visible pNPA hydrolysis
An advantage of the pNPA reaction is
the early visualization of reaction
completion, allowing this reaction to
be monitored in a high throughput
fashion.
simple reaction provides an opportunity to apply the results to other more
complicated ester hydrolysis reactions. Reaction catalysis has been shown to
occur with the addition of a metal such as zinc, which is believed to coordinate
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the water molecule; the nucleophile then attacks the ester carbonyl and the
reaction proceeds.
As mentioned previously, metalloprotein chemistry is diverse; however the
number of different metal coordination spheres is very limited. Large proteins
often have numerous secondary interactions that modulate those proteins’
functions; this makes experimentation on metal binding sites difficult as the
results involve other lesser known variables. Therefore the use of small, robust
platforms to study catalysis reactions is favorable as these domains can be
manipulated easily. In my research I plan to create a number of different
coordination spheres using the small scaffolds in Figure 7. One way to
manipulate the metal binding site of these scaffolds is by simply mutating several
amino acid residues to achieve an alternate function of that protein. This general
approach will be used for scaffold A (Figure 7), as well as in the bioimaging
project described in the latter half of this report. A more difficult way to study
metal ion coordination spheres is attempting to predict function by making the
scaffold structure “from scratch.” This is achieved by introducing a primary
coordination site and then studying the resulting function of the molecule. This
de novo approach will be used for scaffolds B and C.
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A.

C.

B.

Figure 7. Small, robust
obust enzymatic
platforms.
Scaffold A: PDB ID 1ZZ7
Scaffold B :PDBID 2HZ8
Scaffold C: PDBID 2IDH
The small size of these scaffolds allows
greater control over structural design
modifications. Each scaffold shown has
been modified from its original
structure.

Three protein domains were chosen based on their expected stability upon
metal binding and efficient molecular economy, Figure 7. Scaffold A is a betasheet barrel platform that originally coordinates a single iron ion.
ion It was derived
from an existing protein known as HPPE, or hydroxyp
hydroxypropylphosphonic
opylphosphonic acid
epoxidase. In order to maintain maximal structural control, a small scaffold
consisting only of the metal
metal-binding domain of HPPE was studied, Figure 8. The
HPPE derivative studied was named HPPE
HPPE-S.
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Figure 8.. HPPE to HPPE
HPPE-S design
HPPE originally contains two domains (left), but only the metal-binding
metal
domain
was studied in this research (right). The new scaffold was named HPPE-S,
HPPE for
short.
Scaffold B is an alpha
alpha-helical bundle that coordinates two iron or zinc ions. It is a
synthetic
ynthetic protein shown to catalyze multiple unnatural reactions3. Four residues
near the zinc-binding
binding site were mutated in order to coordinate only one metal
ion, Figure 9. The mutated scaffold was named uno-ferri
ferri in the laboratory.

Figure 9. Zoom-in
in of scaffold B studied in this research
The four-helical-bundle
bundle originally coordinates two zinc ions, shown as teal
spheres above. The four amino acid residues also highlighted above are known
to be directly involved in metal coordination. For the scaffold used in my
research, these residues wer
were
e mutated as follows: E44L, E74A, H77F, and E104H
in order to disrupt binding to one of the metal ions.

13

For the final scaffold used in catalysis studies, scaffold C, I designed a small metal
binding WW domain consisting of thirty amino acid residues. WW domains
represent some of the smallest domains found in a variety of proteins, often
present in multiple copies
copies.8,9,10 The WW domain derives its name from two
highly conserved
nserved tryptophan residues, amino acid W, that are located 20-23
20
residues apart on a triple beta sheet fold.
fold 11 The
selective mutagenesis of three key residues to
histidines produces a favorable metal binding site
reminiscent of many metalloproteins, Figure 10.
This mutagenesis could alter the peptide’s
Figure 10. Zoom
Zoom-in of
scaffold C / KZ30
The mutagenesis of select
amino acids to histidines,
highlighted
above,
resembles a favorable
binding site for metals
often found in nature.

catalytic properties upon metal binding. The
thirty-residue peptide previously referred to as
scaffold C will be referred to as KZ30 in this
report.

Before performing any catalysis experiments with the described scaffolds,
scaffolds
appropriate genes had to be ordered, cloned into a cloning vector, and
expressed in E. coli cells. Appropriate mutagenesis was then performed to
introduce the necessary mutations using site-directed
directed mutagenesis,
mutagenesis and the
gene product was once again expressed in E. coli and purified, usually using a
nickel-nitrilotriacetic
nitrilotriacetic ((Ni-NTA) column.
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Materials and Methods: Catalysis
The HPPE-S gene was cloned into a pET-51b(+) Ek/LIC vector bought from
Novagen. It was not soluble under regular purification conditions, and therefore
had to be purified in denaturing conditions using 6M urea. The uno-ferri gene
was also cloned using LIC and E. coli as described previously. After cloning and
expression, the protein was tested on a small 1 mL scale in ZYM5052
autoinduction media and IPTG induction in LB, which was more successful. After
IPTG induction on a 1 L scale, it was purified using a Ni-NTA column. In order to
improve purification yield, both HPPE-S and uno-ferri genes were prepared for
LIC into new vectors. The first vector, pMCSG28, expresses proteins whose Cterminus contains a His-Tag and TEV cleavage site. The second vector, pMCSG49,
is analogous, however the His-Tag and TEV cleavage site are on the N-terminus
of the expressed protein. HPPE-S was cloned into both vectors, and uno-ferri was
solely cloned into the pMCSG49 vector using the LIC technique described
previously. The pMCSG28 vector was linearized using the SmaI restriction
enzyme, while the pMCSG49 vector required the SspI-HF restriction enzyme. T4
DNA polymerase with the corresponding dNTP was then added to each vector,
incubated at room temperature for 25 minutes, and incubated at 75 °C for 20
minutes to deactivate the enzyme.
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The KZ30 peptide was synthesized synthetically using solid phase peptide
synthesis (SPPS), utilizing fluorenylmethyloxycarbonyl (FMOC) protected amino
acids and following an optimized protocol developed in the lab.18
Additionally, a gene encoding the thirty amino acids of KZ30 was ordered for
expression in E.coli to be cloned using the LIC technique. A larger peptide
consisting of 56 residues, KZ56, was ordered commercially as two separate
reverse complement strands and extended using the Klenow Fragment of DNA
Polymerase.
pNPA ester hydrolysis catalyzed by HPPE-S and uno-ferri was monitored
spectophotometrically at 405 nm in 96-well plates using the Thermo Labsystems
Multiskan Spectrum plate reader.
Results and Discussion: Catalysis
The HPPE-S gene (scaffold A from Figure 7) was successfully cloned into the pET51b(+) Ek/LIC vector using the LIC technique, as confirmed by sequencing. The
cloned gene was then retransformed in BL21(DE3)pLysS E. coli cells and a colony
was inoculated in ZYM5052 autoinduction medium and LB. the 16 kDa protein is
expressed optimally in ZYM5052 media (Figure 11).
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Figure 11. HPPE-S induction in ZYM5052
and LB, crude

97.4 kDa
66.2 kDa
45.0 kDa

Lane 1 is the ladder
Lane 2 is HPPE-S in LB
Lane 3 is HPPE-S in ZYM5052

31.0 kDa

The thickest band seen ~16 kDa in lane 3
corresponds to the presence of the
HPPE-S protein in ZYM5052 medium.

21.5 kDa
14.4 kDa

1

2

3

Figure 12. HPPE-S Purification Attempt.
Lanes 1, 2 are duplicate samples of HPPE-S pellet after cell lysis.
Lanes 4, 5 are the supernatant after cell lysis.
Lane 3 is the ladder.
Lanes 6,7 are the supernatant after the Ni-NTA column.
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I attempted to purify the protein several times using the Ni-NTA column, but the
results consistently showed that HPPE-S remained in the pellet and was
therefore insoluble, Figure 12. The figure demonstrates that although the
protein was present in the cells after lysis, it could not be purified. Next, I
attempted to re-grow the protein and purify it under denaturing conditions using
6 M urea. The results were once again negative (gel not shown).
A final attempt to work with HPPE-S was done when the gene was re-cloned into
two new vectors that had the His-Tag and TEV cleavage site either the Cterminus of the protein, pMCSG28, or the N-terminus of the protein, pMCSG49.
After successful LIC into both vectors, HPPE-S expression was nearly non-existent
(data not shown). It was concluded that the chosen protein scaffold was toxic
for E. coli cells, and no further experiments were done with this protein.

Figure 13. Uno-ferri induction, crude

97.4 kDa
66.2 kDa
45.0 kDa

Lane 1- Ladder
Lane 2- Uno-ferri in XL10 E. coli
Lane 3- Uno-ferri grown in ZYM5052
Lane 4- Uno-ferri grown in LB and IPTG
Lane 5- Uno-ferri grown in LB, control

31.0 kDa

21.5 kDa
14.4 kDa
1

2

3

4

5

The circled band on Lane 4 indicates
the presence of the uno-ferri protein,
whereas it is not present in other
media.

As described in the introduction, another scaffold consisting of alpha-helical
bundles was attempted in catalysis. Named uno-ferri in the laboratory, this gene
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was cloned using LIC, and checked for expression on a small scale as was done
with HPPE-S. Unlike HPPE-S, uno-ferri expressed better using LB and IPTG, Figure
13.
The initial pET-51b(+) Ek/LIC vector chosen for uno-ferri resulted in low protein
yields, so the gene was therefore cloned into pMCSG49, or the N-terminal HisTag and TEV cleavage site vector. After successful expression and TEV cleavage,
the protein was checked for pNPA ester hydrolysis using zinc. It appeared that
the mutagenesis of the four residues in Figure 9 made the protein too stable to
bind metals, and no reaction was seen (data not shown). Therefore, uno-ferri will
have to undergo further mutagenesis in order to create a scaffold that favors
metal binding and carries out the hydrolysis reaction in question.
The third scaffold tested, the KZ30 peptide containing the WW motif, was
synthesized using the standard solid-phase peptide synthesis (SPPS) technique.
The sequence of the peptide, DLPAGWMRHQHTSGTHYWHIPTGTTQWEPP,
contains three histidine residues that were predicted to coordinate metal
binding, as well as the two highly conserved tryptophan residues, W, bolded.
After peptide synthesis and cleavage, the resulting sample’s retention time was
determined using High Performance Liquid Chromatography (HPLC). This
chromatography technique is a highly efficient method of separating molecules
based on their retention time in the chromatography column; each compound
has a very specific retention time value, which allows researchers to obtain
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samples of relatively high purity. Twenty-three potential samples of my peptide
were then collected, and each was analyzed using the analytical Shimadzu HPLC.
Figure 14 indicates a typical result of each of the twenty-three peptide samples I
obtained. Although each sample appeared to result in a single peak indicating
purity, upon further examination it was revealed that each major peak was
slightly asymmetrical, resembling a sum of two peaks of nearly identical
retention times and intensities.

Figure 14. HPLC graph of one of the 23 peptide samples of KZ30
The large graph shows one main peak, indicating potential purity of the
synthesized peptide. The smaller graph is a magnification of the peak, indicating
the presence of two overlapping peaks. The percentages indicate total area
percentage of the peak.
The overlapping peaks could indicate the presence of two different peptides, or
the same peptide present in different conformations. In order to further assess
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sample purity, the peptide samples were analyzed for their mass using matrixassisted laser desorption ionization time-of-flight (MALDI-TOF). The expected
average isotopic mass of KZ30 is 3567.881 amu, and the monoisotopic mass is
3565.627 amu. According to MALDI-TOF data, Figure 15, the chosen peptide
sample’s average isotopic mass is 3567.478 amu while the monoisotopic mass is
3565.526 amu.

Figure 15. MALDI-TOF data of the KZ30 peptide
The large peak seen on the left was the only significantly intense peak seen on
the spectrum, so most of the graph has not been shown as indicated by the black
break in the graph. After magnifying the peak, the graph on the right was
observed, confirming the correct average and monoisotopic masses of KZ30.
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Although the HPLC and MALDI
MALDI-TOF
TOF data could provide information about
peptide purity and mass, nothing was yet known about structure. To study
secondary structure, circular dischroism (CD) spectroscopy was
w used for the
peptide with and without the addition of zinc metal; it is known that some
peptides are able to utilize metals to attain their expected secondary structure.
structure
Figure

16

summarize
summarizes the obtained structural

results.

Altogether,

chromatography, mass, and structural data indicated that although the peptide
was synthesized correctly and contained all of the necessary amino acids, it did
not fold properly. For this reason, I decided to use a biological approach to
synthesize the pep
peptide and express it as if it were a regular protein. LIC and
BL21(DE3)pLysS E. coli were used.

Figure 16. CD data of KZ30 with and without zinc
The diagram on the left illustrates the expected curve patterns of various
secondary
ry structures. The curve of the beta sheet would have been observed
had the peptide folded correctly.
The graph on the right is the obtained CD data of the peptide, demonstrating a
pattern indicative of a random coil, even after increasing zinc concentration.
concentrati
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The amino acid sequence of the KZ30 peptide was transcribed as a nucleotide
DNA sequence, and the 90-base-pair gene was ordered commercially. In
addition, a bigger and likely more stable peptide scaffold was attempted
consisting of 56 amino acids, named KZ56, Figure 17. Its amino acid sequence is
MQYHLHLNGK TLKGHTHTEA VDAATAEKVF KQYANDNGVD GEWTYDDATK TFTVTE. This

was the fourth and newest scaffold attempted in this catalysis project. Its DNA
sequence was ordered simultaneously with KZ30. Both of these genes were
prepared for LIC, and several cloning efforts into the pMCSG29 vector were
attempted. So far, both genes have not been cloned into the vector according to
sequencing results, but work is being done to fix any potential cloning setbacks.

Figure 17. KZ56 scaffold
The figure on the right illustrates the
three-dimensional structure of KZ56, a
larger and more stable scaffold than
KZ30. The above figure is the
magnified presumptive metal binding
pocket, with the distances indicated in
angstroms.
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THE BIOIMAGING PROJECT
Introduction
In medicine, non-invasive visualization methods are of high importance and
demand. Metals can be used as probes that aid in tissue identification, and the
development of targeted metallo-imaging compounds is an active area of
biochemistry research. Currently, Technetium-99m is a commonly used
radioactive isotope that emits gamma radiation,12,13 which can be detected with
hospital equipment. Tc99m-labeled compounds are widely used radioactive
tracers for the human body, and there are currently at least 31 commonly used
Tc99m radiopharmaceuticals used on humans for brain, lung, kidney, blood, and
tumor imaging.13
Based on periodic trends, rhenium exhibits similar reactivity to technetium
because the two metals are in the same group of the periodic table. Due to
technetium’s high price and short half-life of ~6 hrs, a lot of research establishes
Re-based radiopharmaceuticals, whose results are then applied to technetium.14
Although there are many synthetic Re, Tc99m binding analogs in development,
creating bioimaging agents that are based on actual human proteins presents an
advantage by eliminating any innate human responses to unfamiliar molecules.
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Figure 18. Human carbonic anhydrase I
Two identical m
monomers
onomers of human carbonic anhydrase are shown. Each
monomer coordinates one Zn+2, portrayed as blue spheres above.
For this project, a well
well-known
known biological enzyme known as human carbonic
anhydrase I (hCA from now on) was chosen for development as a bioimaging
molecule, Figure 18. hCA is a dimer, with each monomer resembling a “batter’s
glove:” the beta sheets resemble the fingers/palm and the bottom alpha helix in
the figure resembles a thumb, holding a metal ion “ball.”
hCA catalyzes the inter
inter-conversion
conversion of carbon dioxide and water to bicarbonate,
which is a necessary biochemical reaction in humans. The structure and
mechanism of the enzyme is known in detail; in particular, the metal binding site
coordinates Zn+2, which is stabilized by three histidine residues as shown in
Figure 19.
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Figure 19. Zinc Binding Site in hCA
A zoom-in
in of the hCA binding site. The
orange ribbon is the protein
n backbone, and
the three metal coordinating histidines are
shown as thin, green pentagons.

However,
owever, due to the further examination of enzyme crystal structure, it was
evident that three additional histidine residues were present next to the zinc ion
binding site,, bolded as gray pentagons iin
Figure 19. These three neighboring histidines present a potential challenge to
bioimaging design due to their potential ability to also coordinate a metal ion
and result in bi
bi-metal binding. These residues therefore have to
t undergo
selective mutagenesis in order to avoid metal binding at that site.
The mutagenesis of any protein often leads to structural and functional changes,
so it was necessary to iinvestigate
nvestigate various carbonic anhydrase enzymes present in
multiple organisms to see what site-specific
specific mutations are present in nature. If a
mutation at a particular residue is not present in any organism, then it must be
necessary for carbonic anhydrase ffunction
unction and therefore cannot be mutated.
After aligning multiple carbonic anhydrase sequences, the following mutations
were observed:
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H64

H67

T199

H200

Universally
conserved

Arg

Universally
conserved

Val*

Gln*
Asn**

Thr**
Ala

Table 1. The Best Candidates for Mutagenesis
The three histidines that need to undergo mutagenesis are H64, H67, and H200.
In sum, the planned hCA mutagenesis was H67N, T199A, and H200T.

A common mutation at position 67 is H67Q, and the most common is H67N. The
histidine at position 200 was most often changed to a threonine, and position 64
was universally conserved; therefore, to avoid severely altering hCA structure,
no mutagenesis was planned for H64. In addition, T199 presented a structural
hindrance to the metal binding pocket, and was mutated to a smaller alanine
residue. In sum, the planned hCA mutagenesis was H67N, T199A, and H200T.
Upon successful hCA mutagenesis, rhenium metal would be substituted for zinc,
and the binding of protein and metal tested. The results of rhenium binding
could then be applied and improved upon with technetium. Upon the
development of the new metalloprotein, fusion to other biological molecules
depending on their target tissue could be performed. The target biological
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molecule would therefore carry with it the mutated hCA protein with fluorescent
properties, assisting medical and research personnel in internal visualization.
Materials and Methods: Bioimaging
The hCA gene was ordered from DNASU laboratories and transformed in E. coli
BL21(DE3)pLysS competent cells made in lab. The gene was then cloned into the
pET-51b(+) Ek/LIC vector using LIC. Mutagenesis of the described residues was
done using site-directed mutagenesis and protein expression was checked in
ZYM5052 and LB with IPTG. Mutated hCA was then grown in LB with IPTG and
purified using a commercially ordered streptavidin column.
Rhenium metal was ordered as [Re(CO)5]Br and was subjected to reflux for two
days, as previously performed by Jon Zubieta and colleagues.15 The mutated hCA
and metal were mixed at room temperature and tested for fluorescence.
Results/Discussion: Bioimaging
The hCA gene was successfully cloned using LIC, and after multiple PCR attempts,
the mutagenesis described in Table 1 was complete as confirmed through a DNA
gel, Figure 20, and sequencing. Each mutation had to be carried out individually,
with the exception of T199A and H200T, where two amino acids were mutated
with only one set of primers.
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2

3

Figure 20. DNA gel results of mutated human carbonic
anhydrase I.
Lane 1- mutated hCA using PfuTurbo DNA Polymerase
Lane 2- mutated hCA using iProof High Fidelity DNA
Polymerase
Lane 3- 200bp ladder
Both PCR methods yielded a product of ~5800 base pairs,
corresponding to the size of hCA in the pET-51b(+) Ek/LIC
vector.

Retransforming the correct mutated human carbonic anhydrase gene, mhCA,
was highly problematic, as changing heat shock, 37°C incubation, and ice
incubation times did not result in any colonies. After multiple variations on the
transformation procedure, the utilization of SOC Medium (Super Optimal Broth
for Catabolite Repression) instead of regular LB resulted in colony growth. Table
2 summarizes the modifications necessary for successfully transforming the
mhCA sample.

Table 2.

Modifications Necessary for

mhCA Transformation

Transformation Step

Standard Protocol Successful Protocol

Amount of plasmid
Ice
Heat shock
Medium to add
37°C shaker time

1 µL
10 min
30 s
LB
60 min

5 µL
30 min
45 s
SOC
90 min

After transforming mhCA, a gel similar to Figure 13 was done to check for
optimal induction conditions. mhCA was expressed the most in BL21 CodonPlus-
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RP competent cells using LB and IPTG. The RP cells showed a clear advantage
over the standard pLysS cells due to their compensation for rare amino acids
arginine (R) and proline (P). The mhCA gene encoded several amino acids using
rare codons, and the RP cells provided the necessary materials for the protein to
be expressed in adequate quantities.
The protein was then purified using a streptavidin* column, Figure 21, and fast
protein liquid chromatography (FPLC).
*Note: initially Strep-Tactin, a streptavidin derivative, was supposed to be
synthesized in the laboratory and used to purify proteins**. Instead, a
commercially purchased streptavidin column was used.
** Strep-Tactin purification is an efficient protein purification technique
commonly used for metalloproteins, because Ni-NTA column purification
requires a polyhistidine tag which can bind metals in addition to its recombinant
protein. Synthesizing Strep-Tactin in the laboratory would be a highly economical
procedure, as purchasing commercial columns is highly expensive and limiting.
Strep-Tactin was successfully developed by the mutagenesis of a cheaper
traptavidin gene, and cloned using LIC. However, the Strep-Tactin protein could
not be purified under standard and denaturing conditions, therefore we
purchased a commercial streptavidin column.
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Figure 21. Strep-Tactin purification cycle (figure taken from ref.).16
This purification cycle demonstrates protein purification using Strep-Tactin, a
derivative of streptavidin, and is analogous to the purification cycle described in
this report. mhCA was purified according to this scheme due to the presence of a
Strep-Tag, an 8-amino acid sequence that has high affinity for streptavidin.
At the end of purification, mhCA concentration was very low; the protein was
then concentrated, and 250 µL of 24 µM protein was obtained.
Preparation of Rhenium
A usable rhenium-based complex had to be prepared for insertion into the mhCA
protein.
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As shown previously,15 commercially available rhenium pentacarbonyl species

Br -

tricarbonyl that readily binds proteins,

CO
OH2

CO
Re

OH2

can be simply converted into a rhenium

Figure 22. By purchasing [Re(CO)5]Br and
refluxing it for two days, the compound

CO
OH2

exchanged several of its carbonyl groups for
highly labile water molecules, resulting in

Figure 22. [Re(CO)3(H2O)3]Br
This figure shows the rhenium
based compound after reflux.
The water ligands are highly
labile and aid this compound in
protein binding.

the triaqua species [Re(CO)3(H2O)3]Br. The
water molecules could then be readily
displaced and allow the rhenium complex to

bind to the target protein. According to liquid-chromatography mass
spectrometry (LCMS) of the refluxed rhenium compound, the correct triaqua
species formed (graph not shown).
Finally, after the successful preparation of metal and protein, the two species
were mixed to achieve a functional metalloprotein whose binding was studied
using an Aviv Instruments Inc, Model ATF105 spectrofluorometer, Figure 23.
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Figure 23. Fluorescence studies of mhCA with Re metal.
The top graph shows the increase in fluorescence of the metalloprotein complex
(yellow) compared to metal alone (green). The bottom graph shows an increase
in fluorescence of the metalloprotein complex (yellow) compared to protein
alone (blue).
The evident increase in fluorescence of the newly made metalloprotein
presumably indicates successful binding, which is necessary for further
bioimaging applications.
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Conclusions
I successfully designed and synthesized a number of different metal-binding
scaffolds, and in some cases the protein-metal binding was extensively
characterized.
pNPA ester hydrolysis is a useful model reaction to study ester hydrolysis due to
its well-known mechanism and simple characterization (the products turn yellow
upon reaction completion). The three scaffolds designed for catalysis; HPPE-S,
uno-ferri, KZ30, have been shown to bind zinc, but no pNPA hydrolysis has been
observed so far; further mutagenesis of these scaffolds is underway.
Additionally, a fourth and newly designed scaffold will be tested for pNPA
hydrolysis and mutated as necessary.
HPPE-S, derived from a natural protein that catalyzes epoxidation reactions, was
successfully cloned into several vectors but was evidently toxic to E. coli cells.
After multiple purification problems, no further work was done with this protein.
Uno-ferri was also successfully cloned into several vectors, purified, and tested
for pNPA hydrolysis. The protein did not catalyze the reaction, possibly due to its
stability without the metal cofactor, and it therefore needs further mutagenesis
and testing.
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The KZ30 peptide was synthesized synthetically using SPPS, but according to CD
spectra, it failed to fold correctly. It was then prepared for LIC, but no successful
targets have yet been identified.
Finally, human carbonic anhydrase I was successfully converted to its mutated
form using LIC and site-directed-mutagenesis, as evidenced through sequencing.
The purchased rhenium based complex was converted to the tri-aqua species
previously described, and mixed with the mhCA. Fluorescence studies
unambiguously showed that the mutated protein bound the metal cofactor,
Figure 23, but more efficient protein purification techniques are necessary in
order to conduct further studies.
In summary, ligation independent cloning has been used extensively in the
laboratory to clone genes from 90 bp to 800 bp length. It holds promise for
future cloning attempts as it provides considerable temporal and financial
advantages over standard cloning methods.
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Capstone Summary
Amino acids are the basic building
blocks of proteins, which are large
molecules involved in a vast array of
chemical reactions. Final protein
structure is determined by the order
and quantity of aamino acids, and the
resulting structure determines the
protein’s function
function. Thus, changing
just one amino acid in an entire
protein can disrupt structural folding
and

alter

Although
composed

its

biochemical

proteins
of

are

carbon,

role.
mainly

oxygen,

nitrogen, hydrogen, and sulfur, the
they
can

sometimes

require

charged

metal ions to fulfill their roles. The
resulting molecules are therefore

Figure A. Varying protein structure
Each figure shows protein backbone
structure that results from specific
amino acid sequences. The top figure
shows a protein whose structure
partially consists of antiparallel strands
called “beta sheets” and the bottom
figure shows a protein consisting of
“alpha helices.” The spheres in both
figures represent metal ions.

named metalloproteins.
In the human body, there are thousands of different metalloproteins that are
necessary for survival including hemoglobin, which is an iron-binding
iron
protein
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that carries oxygen in blood. Although many metalloprotein structures and
functions have been identified, accurately predicting function from protein
structure remains a difficult problem pursued by many researchers. Therefore in
my research, I designed a number of metal-binding proteins with the aim of
predicting their function as bioimaging agents and catalysts.
Methods
In order to conduct any studies on a protein, it first has to be made in large
quantities. To achieve this task, E. coli bacteria are grown in the laboratory and
manipulated to produce proteins designed by researchers. Currently, the
production of insulin to combat diabetes is achieved this way. For E. coli to
produce any protein, they first have to contain the necessary DNA information in
the form of a gene. A gene
is a code that specifies the
specific

amino

acid

sequence necessary to put
together

a

protein.

However, a gene has to be
Figure B. Insertion of a gene into a vector
After gene and vector form one continuous DNA
circle, it can be used by E. coli to make the
necessary metalloprotein in question.

inserted into another piece
of larger DNA, a vector, in

order to be accepted by E. coli. Figure B illustrates the insertion of a gene into a
vector. Both gene and vector are DNA double helices. This insertion, also called
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molecular cloning, creates a continuous DNA circle, which E. coli uses to
translate the gene into a protein of choice. In this research, I used a molecular
cloning technique called ligation independent cloning, LIC, to insert all of the
necessary

genes

encoding

my

metalloproteins

into

vectors.

These

metalloproteins were then produced by E. coli, purified, and extensively studied
in catalysis and bioimaging.
Catalysis
Most biological and chemical reactions do not occur fast enough without the
presence of other molecules known as enzymes. Most enzymes are proteins,
whose presence can cause a reaction to happen in seconds, whereas in its
absence a reaction can take years to complete. In particular, I studied a reaction
involving a p-nitrophenol ester; this simple reaction model is well known and
easy to study. I researched how this reaction was affected by the presence of
three different proteins designed in the laboratory, which would act as enzymes
in the reaction. Results gained from this model can be applied to a broader
spectrum of ester hydrolysis reactions. Ester hydrolysis is currently researched as
an agent in the conversion of biomass to biofuel. With the growing global
concern over energy supply, biofuel production is an active area of biochemical
research.
The three metalloproteins I designed had varying structures and metal binding
sites (Figure A shows 2 of the 3 proteins mentioned). In each metalloprotein,
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several amino acids had to be changed, or mutated. The resulting function of the
mutated proteins was studied, and the results gained from these experiments
shed light on the structure-function relationship of metalloproteins which can be
applied to future protein design.
Bioimaging
In medicine, the need for non-invasive visualization techniques is an area of high
demand. Technetium (Tc) and rhenium (Re) are metals that are commonly used
probes in bioimaging. Technetium compounds are able to emit radiation that can
be detected and visualized with hospital equipment. However, Tc has a very
short half-life of ~6 hours and is therefore difficult to work with. Instead, Re is
used to design many bioimaging agents because Re and Tc elements exhibit
similar reactivity. After establishing Re-based probes, the results can be applied
to Tc and used in internal tissue visualization. Today, there are over 30
commonly used technetium radiopharmaceuticals used on humans for brain,
lung, kidney, blood, and tumor imaging.
Although there are many Tc and Re containing bioimaging molecules under
development, they often consist of synthetic molecules that can trigger an
immune response when used on humans. Alternatively, I designed a Re
coordinating bioimaging agent based on a natural protein called human carbonic
anhydrase, hCA. Although hCA is normally a zinc containing enzyme, I mutated
several amino acids of the protein to accommodate the substitution of zinc with
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rhenium. Upon successful protein mutations and metal preparation, I achieved
successful binding of the protein and metal as evidenced by various
spectroscopic techniques.
Future work will include testing hCA binding with technetium. The resulting
metalloprotein can then be attached to another biological molecule that targets
specific areas of the body. For example, tumor tissue differs from healthy tissue
because it requires larger quantities of certain molecules. By attaching my newly
designed metalloprotein to these molecules, the Tc-containing protein will be
preferentially carried to the tumor tissue where it will accumulate. The buildup
of Tc will be easily detectable, resulting in successful visualization of particular
tissues and therefore early patient treatment and hopefully cure.
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